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ABSTRACT 


To investigate the phenomena Peace with the produc- 
tion of dense plasmas through solid target bombardment by 
focused laser radiation, procedures relevant to assembly and 
operation of a high power giant pulse laser system, laser moni- 
toring techniques, and the experimental arrangement for in- 
vestigating the properties of a freely expanding plasma were 
developed. 

Using magnetic coil probes in the vicinity of the expand- 
ing laser-created plasma, signals were detected which indi- 
cated the presence of azimuthal magnetic fields. The magnitudes 
of the observed maqnetic fields were as high as 35 Gauss. The 
dependencies of the self-generated magnetic fields (SGMF) upon 
background gas pressure, probe position, and applied external 
fields were investigated. | 

A discussion of possible generation mechanisms in light 


of the experimental evidence is included. 
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te NER OOUCTION 


The matter discussed in this teestise is the result of the 
second in a continuing program of experiments to study the 
characteristic phenomena associated with a laser-produced 
plasma both with and without externally applied confining 
magnetic fields. The eee cation described herein consis- 
ted of the assembly and refinement of the KORAD K-1500 Q- 
Switched laser system and its subsequent use in producing a 


am film 


dense energetic plasma ey eouce bombardment of a MYLAR 
target with the focused beam. The free expansion case was 
investigated exclusively. 

With magnetic coil probes placed in the general vicinity 
of the laser beam focal spot on the polyethylene film tar- 
get, signals were recorded which indicated that self-magnetic 
fields were generated by the expanding plasma cloud. The 
implications that these self-generated magnetic fields (SGMF), 
if produced in sufficient magnitude, could be utilized to en- 
hance laser-induced plasma confinement presented themselves. 
The phenomenon was ane conceived to have possibilities as a 
laboratory model for studying magnetic field generation by 
various stellar objects as well as solar wind interactions; 
particularily the magnetopause. A few associated experimental 
parameters have been investigated and are presented in this 
thesis; however, extensive improvements to the experimental 


apparatus became necessary in order to achieve optimum results. 





This work is continuing and shall lead to more thorough 
studies of the SGMF phenomena at the Plasma Physics Labora- 


tory of the Naval Postgraduate School. 





II. LASER PRODUCED PLASMAS: BACKGROUND 


A. GENERAL THEORY 

It wouleé be advantageous to begin with a simplistic 
qualitative overview of the process of producing plasmas by 
laser irradiation. Demtroder and Jantz [Ref. 1] have de- 
scribed very graphically an idealized picture of the genera~ 
tion, heating and decay of laser-induced plasmas. This 
description coupled with the equations developed by John 
Dawson [Ref.2] provided a solid basis for studying the pheno-: 
[ema associated with the free-expanding laser-induced plasma 
in the absence of externally applied electric and/or magnetic: 


fields. 


In @ more spéci 
have considered theoretically the process of vaporization of 
matter exposed to laser irradiation. Their analysis shows 
that in the case of transparent material two gas-dynamic modes 
of vaporization and heating of the se iae material are possible. 
The first mode corresponds to low flux densities when the 
temperature of the radiation absorbing layer of condensed 
matter is below a critical temperature and a phase transforma- 
tion of condensed matter to gas takes place. The second mode 
relates to fluxes capable of transforming condensed matter 

into gas by expansion due to thermal pressures. Papers by 
Fader [Ref. 4], Steinhauer and Ahlstrom [Ref. 5] and Dawson, 

et al, [Ref. 6] have treated analytically the heating, opti- 


cal absorption, and expansion of laser-produced plasmas. the 





processes associated with the production of overdense plasmas 
by laser irradiation have been, due to the efforts of the 
above cited authors among others, to a large degree explained, 
and many experimental verifications have been made to sub- 
sStantiate the underlying theories. For many years since the 
advent of high power lasers capable of plasma production 

from solid targets, the plasma was seen to behave in con- 
sonance with most theoretical expectations with some notable 
exceptions. The relevent exceptions shall be noted in the 
discussion of the possible generation mechanisms in Section 


V and in Section B below. 


Be SELF -CENERATED MAGNETIC FIELDS (SGMF) 

In 1966, Korobkin and Serov [{Ref.7] reported upon an in- 
vestigation into the magnetic field of a Spark produced by 
m@eeucing laser radiation. These investigators used a Q- 
switched ruby laser with ‘an energy output of 2J and pulse- 
@matn of 30 nsec and a lens of 5 cm focal length to create a 
Breakdown in air in the vicinity of the focal spot. With 
two magnetic coil probes, signals were obtained which were 
attributed to be due to a change of magnetic flux through 
the area subtended by the coils. The conclusion was made 
that a magnetic dipole moment existed within the spark and 
that this moment was oriented perpendicular to the laser 
beam propagation direction. The magnetic moment was mea- 
sured to be approximately (3-5) poeeeeds7en . The report 
also asserted that the azimuthal direction of these magnetic 
moments could be altered by allowing the laser pulse to pass 


through different portions of the focusing lens. The 


9 





authors assumed that the magnetic moments were produced due 

to the turning of the shock-wave front toward the focusing 

lens and that this coun be due to distortions in the ray caus- 
tic and inhomogeneity of the angular distribution of the laser 
Padiation. 

In 1967, Askar'yan, et al, [Ref. 8] reported upon the cur- 
rents produced by light pressure upon a solid target and the 
expanding plasma cloud. Again using magnetic coil probes, 
Signals were detected which indicated that magnetic dipoles 
were created in the solid target by currents induced by the 
electromagnetic interaction with the target surface. This 
interaction is explained by the authors as due to the influence 
Gee tight pressure for which an equivalent, non-potential 
action field can he defined which in turn is equivalent to 
the action of an electrometive force that pumps electrons 
tmeough the volume where the light Meeesure 1s localized and 
produces a system of closed currents. The signals in the 
metal target were seen to reverse when the target was rotated 
by 45°, Using a double laser pulse mode wherein the two suc- 
cesSive laser pulses were separated by approximately 240 ns, 

a Signal was also detected presumably due to the interaction 
of the second pulse with the plasma’flare formed by the first 
pulse. The signals due to the second laser pulse were larger 
by one order of magnitude over those produced by the first 
pulse. It was found that the signal due to the second pulse 
could be reversed by alneng ane the rotation direction of the 


O-switching prism used in the experiment. This procecure 
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introduces an inhomogeneity into the laser pulse since lasing 
action is initiated in a system such as this before the Q- 
switching prism becomes perpendicular to the laser optical 
axis; therefore, the edge of the laser pulse corresponding 
to the direction from which the prism is introduced into the 
optical cavity shall always lead the remainder of the laser 
pulse front. The generation of these magnetic dipoles were 
attributed by the authors to be due to current loops formed 
in the solid target and in the plasma by the interaction of 
the electric fields associated with the incident laser pulse 
and the matter of the target and the plasma cloud. 

It must be noted that the magnitudes of the fields ob- 
served were very small and the time duration of the fields 
were equal to or shorter than the laser pulse width in both 
of the above cited reports. Also in both experiments the 
magnetic moments were oriented perpendicular to the laser 
propagation direction yielding azimuthal magnetic fields. 

In late 1970, Stamper, et al, [Ref. 9] at the Naval Re- 
search Laboratories, while investigating the expulsion of an 
externally applied longitudinal (axial) magnetic field from 
the expanding plasma cloud, found that self-magnetic fields 
were being produced by the expanding plasma. These fields as 
in the previously cited studies were measured using magnetic 
cOil probes placed in the path of the expanding plasma. The 
magnitudes of these magnetic fields were as high as 1200 Gauss 
and were primarily azimuthal with reference to the laser beam 
axis. The plasma was produced by bombarding Lucite fibers 


Of approximately 190 uw diameter with the focused beam of a 


a ba 





high brightness laser with an energy output of 60 J and pulse- 
width of 30 nsec. The magnetic fields were found to propagate 
with a velocity pranerenetse ly equal @O that of “the lurtinous 
and density fronts of the plasma. At probe positions on line 
with the focal spot on the Lucite fiber but displaced radially, 
axial magnetic field components were measured, the magnitudes 
of which were comparable to the azimuthal magnetic field 
components. Using planar targets of Aluminum and Silver, 

only azimuthal components were observed and the direction of 
the signals indicated that axial conventional currents flowed 
in the direction of the incident laser beam. The magnitudes 
of the fields were found to be insensitive to background 
-pressure. The observed probe signals had a relatively long 
nraximatelv 400 nsec in 
length. The authors attributed the generation of the magnetic 
fields to currents induced via the thermoelectric effect where 
the focal spot is considered to form a hot thermoelectric 


qumetion. 


Gee LASER REQULREMENTS 

It was obvious that a high brightness Q-switched laser 
System was a prerequisite in order to pursue the study of 
laser-produced plasmas and, in particular, the SGMF pheno- 
mena. An important aspect in the production of laser-induced 
plasmas is that maximum plasma temperatures are attained when 
the laser pulse is as short as possible. This allows maximum 


heating to take place before expansion is initiated. ft was 


also recognized that the most interesting phenomena associated 


eZ 





with laser interaction with plasmas occurred at high power 
density thresholds. These phenomena include but are not limi- 
ted to affects Pee oc ated with pondermotive forces, anomalous 
heating, generation of plasma waves, and onset of multi-streamn 
instabilities. To fulfill interim requirements and to provide 
a means of later improvements, the KORAD K-1500 Q-switched 
oscillator-amplifier laser system was purchased. This sys- 
tem is particularly advantageous since manifold increases in 
the output power was and is capable of being attained by ad- 


ding additional amplifier units to the existing configuration. 


iE! 





II. LASER ASSEMBLY AND OPERATION 


a. K=10 GASER SYSTEM 

The basic component of the K-1500 laser system used in 
this experiment is the KORAD K-1Q Q-spoiied laser retrofitted 
for neodymium-glass lasing rod application. The major com- 
ponents of the K-1Q are the K-QS2 Pockels Cell assembly with 
associated shutter electronics, the K-l Laser Head with flash- 
lamp power supply, the external Brewster stack polarizer, and 
the front and rear reflectors. The K-1Q laser functions as 
the oscillator (or precursor to the amplified giant pulse) 
in the K-1500 system, therefore optimum pulse output condi- 
oo had to be achieved in the K-10 before proceeding with 
the K-1500 assembly. 

The K-QS2 Pockels Cell Assembly functions as the electro- 
O@@ical shutter. the KDP (Potassium Dihydrogen Phosphate) 
crystal is the functional unit of the Pockels Cell assembly. 
The KDP crystal is affixed between two windows each of which 
are peculiar to the type of lasing material utilized and is 
immersed in a dielectric fluid which in addition to preventing 
high voltage breakdown (since up to.40 KV may be applied to 
the KDP crystal to attain a proper bias) also provides re- 
fractive index matching with the enclosure windows. The 
windows are each marked on the edge for a 1.06 micron (Neodymium) 
use and must be mounted with the sides with a non-reflective 


Geating applied facing outward from the crystal. The XDP 
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crystal is hydroscopic and extreme care must be exercised 

when replacing window assemblies so that moisture does not 
Senmtact the crystal. The quartz rear reflector is also mount- 
ed on the Pockels Cell assembly and it too is peculiar to the 
particular lasting material used and must be mounted with the 
reflective-coating side facing toward the KDP crystal. The 
principle of operation of the K-QS2 Pockels Cell is based upcn 
the half-wave retardation effect produced due to the birefrin- 
gence of the KDP crystal. The functioning of the electro- 
optical shutter is dependent upon the requirement that light 
Grpeunidirectional polarization be incident upon the KDP cry- 
stal. Ruby laser rods fluoresce with a preferred polarization 
but neodymium-glass rods fluoresce with random polarization. 
26 overcome this difficulty an external polarizer (Brewster 
stack) is positioned between the neodymium-glass rod and the 
Pockels cell. The external polarizer must be positioned such 
that the preferred plane of transmission is normal to the 
preferred plane of transmission of the Brewster stack between 
the KDP crystal and the rear reflector. (Only radiation 
polarized with the electric vector in a direction parallel to 
the plane of incidence will be preferentially transmitted 
through the Brewster stack polarizers). When high voltages 
are placed upon the circular anodes on the end faces of the 
KDP crystal, it becomes birefringent and with proper biasing 
and orientation will effectively rotate the direction of 
Poleeization of incident light by 90° on each pass through 


the crystal. The electro-optical shutter may be explained as 


JES. 





follows: Randomly polarized fluorescence radiation is inci- 
dent upon the external Brewster stack polarizer and only that 
component with the electric vector oriented in the plane of 
incidence is transmitted. With ie KDP crystal unbiased the 
radiation will be transmitted unchanged. However, this direc- 
tion of polarization is not preferred by the rear polarizer 
stack and the light is reflected from the cavity before reach- 
ing the rear reflector. on oe KDP crystal properly biased, 
the polarization of the radiation transmitted by the external 
polarizer will be effectively rotated 90° to the plane pre- 
ferred by the rear See stack. The radiation is thereby 
transmitted to the rear reflector where practically 100% re- 
flection takes place. The returning beam is again "rotated" 


oy 


by the KDP crystal into the preferred transmission plane 
of the external polarizer allowing the radiation to reenter 
the laser rod, thereby completing the poe aaen required for 
stimulated emission by the laser rod. The biasing voltage 
for the KDP crystal is furnished by the shutter electronics 
assembly which delivers a pulse with a maximum amplitude of 
50 KV and is characterized by a 10 nsec rise time and 2.5 
usec decay time. The rise time of the bias voltage imposes 
an absolute minimum of 10 nsec pulse width on the emitted 
giant pulse. Optimum KDP bias voltage has been found to be 
#7 on the voltage control vernier for neodymium rod applica- 
tion. This converts to approximately 28 KV. 


The addition of the K-1 laser head and the front reflec- 


tor complete the optical cavity components of the K-l1C system. 
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The front reflector may be utilized with either ruby or neo- 
dymium laser rods. The K-1 laser head contains the neodymium- 
glass rod (1/2" in diameter) surrounded by a UV shield (@®yrex 
glass tubing) and a spiral flashlamp. The flashlamp is en- 
closed by an aluminum shield which reflects otherwise errant 
flashlamp radiation into the laser rod. Extreme care must be 
exercised in assembling the K-1 laser head to insure that the 
flashlamp ground connector wire is positioned such that con- 
tact with the aluminum reflecting shield is not made during 
the firing process. If the shield becomes grounded a dis- 
charge may occur across the flashlamp envelope resulting in 
flashlamp explosion. The K-1l flashlamp is fired by discharg- 
ing a 400 uf capacitor, which may be energized to a maximum 
Ome &. By the i-l power svonly, across the Xenon tube. The 
UV shield is necessary to minimize the absorption of short 
wavelength radiation by the rod in order to prevent internal 
damage (solarization). The tubular glass shield also functions 
as a channel for cooling water flow. 

Before aligning the K-1Q systen, aan components must be 
positioned upon the aptiees bench as shown in Fig. 1 in such 
a manner as to minimize the cavity length (distance from £remt 
to rear reflectors). The minimum practical cavity length is 
approximately 22.5 inches. The following procedure has been 
found to be the most efficient in the optical alignment of 
eHe R10 laser system. First, remove the external polarizer 
from the cavity. Place a small sheet of Polaroid material 


with the opague axis vertical between the KDP crystal and 
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the rear Brewster stack, and another sheet of Polaroid material 
with the opaque axis horizontal between the KDP crystal and 
the K-l head. (The opaque axis of the Polaroid sheets may 

be readily determined by viewing any illuminated object 
through both the material in questicn and the external polari- 
zer.) Illuminate the cavity by placing a uniform white light 
source at the rear reflector. Position the KORAD miniauto- 
collimator three to six inches forward of the front reflector 
on the axis of the laser rod. The miniautocollimater is 
properly positioned when the return dot from the laser rod 
face is centered upon the eyepiece cross-hairs. Adjust the 
Pockels cell meuHeing screws until aeNRaeH in the form of a 
Maltese cross is centered in the miniautocollimator eyepiece. 
Mee the "cross" centered the parallel ends of the KDP crys- 
tal are also parallel to the ends of the laser rod. Three 
return dot images should be visible in the miniautocollimator 
when viewing along the non-aligned cavity. These return 
images are due to the two reflections and the front face of 
the neodymium-glass rod. (A schematic illustrating the opera- 
tion of the miniautocollimator tomonown in Faia, 2.) Sine 
optical alignment is completed when by adjusting the rear and 
front reflector mounting assemblies, the three return dots are 
made to coincide. The return dot image from the rear reflec- 
tor is of very low intensity making a darkened surrounding more 
conducive to accurate alignment. If properly aligned, the 
K-10 should operate in the normal mode at this point. The 


threshold lamp discharge voltage was found to be ~3.85 KV for 
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the Owens-Illinois lasing material used in this experiment. 

To attain giant pulse output the external polarizer must 
be replaced in the cavity at the proper orientation. To ac- 
complish this the external polarizer is placed into the cavity 
such that its preferred plane of polarization is approximately 
normal to the preferred plane of the rear Brewster stack. 
Place a blackened Polaroid print forward of the front reflec- 
tor and with the Pockels cell power supply off fire the K-10 
at just above threshold voltage. If a "burn" appears, the 
external polarizer is improperly oriented. Rotate the polari- 
zer in its mount until no “burn" appears. The K-10 is there- 
by made capable of Q-switched giant pulse operation. Using 
the laser monitoring devices, which are described in section 
ITID, the K-10 laser output is optimized by varying the three 
system parameters; 1) Pockels cell bias voltage, 2) the Pockels 
cell bias voltage delay time, and 3) the flashlamp discharge 
voltage. Of the three system parameters, the Pockels cell 
bias voltage delay time is the most important in optimizing 
output pulse shape and power. The shutter electronics as- 
sembly is capable of delaying the application of the Pockels 
Sau bias voltage from 100 usec to 3 millisec subsequent to 
the initiation of the flashlamp discharge. A current rate 
coil (terminal J5 on the K-1l power supply) triggers the shut- 
ter electronics time delay base. The object is to allow 
maximum population inversion to be attained in the lasing ma- 
terial before closing the electro-optical sawretee. The 


optimum delay time was determined to be 0.74 millisec for the 
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neodymium-glass rod used. It was found that the Pockels 

cell bias voltage must be increased gradually as the cumula- 
tive number of firings increased. At the time of this writing 
a delay time of 0.80 millisec is being used. 

The output characteristics given in Table 1 were obtained 
for a flashlamp discharge voltage of 4.15 KV. A typical giant 
pulse waveform is shown in Fig. 3. Fower outputs attained for 
lamp voltages of 5 KV were approximately 100 Mw but these were 
deemed to be excessive for the ultimate application to the 
K-1500 amplifier system when focusing effects by the expansion 


optics could cause internal damage to the K-10 laser rod. 


TABLE 1. K-10 Output Characteristics 


Pulsewiath 2C ns 
(at half-maximum power) 


Energy digg Su 
Power 62 Mw 
Peak Intensity 49 Mw /eom? 
Beam Divergence eeemnaeaicl 
($<, 4 power) 

O 
Line Width O.4 A 
Wavelength ie GemtLcron 
Efficiency 0.153% 


The K-10 laser was found to be reproducable in power out- 
put within about two percent from shot to shot with negligible 


variance in pulse width. 
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B. K-1500 LASER SYSTEM 

The K-1500 oscillator amplifier giant pulse laser system 
(Fig. 1) is composed of the K-10 laser described previously 
in addition to the KORAD K-2 laser head with associated flash- 
lamp firing electronics, beam expansion optics, anda fire 
Signal delay circuit. Expansion optics are required to ex- 
pand and collimate the K-1Q (oscillator) pulse to coincide 
wot the larger diameter K-2 (amplifier)rod. In addition a 
coupling fire signal delay circuit is required to synchronize 
the arrival time of the K-1Q pulse at the K-2 head when maxi- 
mum population inversion has been attained in the K-2 lasing 
material. The K-2 head and associated assemblies are inte- 
grated into the K-10 system as shown in Fig. 4. 

The K-2 laser rod (also Neodymium-glass) is 9.5 inches 
long and has a diameter of 3/4". The output end is cut at the 
Brewster angle to prevent premature oscillations by the ampli- 
jeer red. This is a critical consideration in the use of 
amplifier rods due to the fact that if the amplifier rod 
forms its own partial cavity, significant energy depletion 
foameeoccur before the oscillator (driver) pulse reaches the 
amplifier rod. Am alternative solution would be to apply 
anti-reflection coatings to both ends of a flat-flat amplifier 
rod. The amplifier rod must be rotated properly to give the 
desired direction for the output pulse. The output direction 
is inclined from the laser system axis toward the long side 
of the amplifier rod by approximately 20a There are certain 


considerations which the K-2 laser head imposes upon the 
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iPeta00 system which are worthy of note. First, the high 
voltage anode end of the K-2 flashlamo is immersed in a 


meservoir of a dielectric fluid, Fluorinert!" 


This fluid is 
depleted relatively rapidly and must be replenished after each 
fifty or so shots to prevent flashlamp failure, and secondly, 
due to the fact that the K-2 operates at high flashlamp en- 
ergies (up to 20 KJ), the cooling water (distilled) must be 
aS pure as possible and the ambient water temperature should 
be maintained well below room temperature. Failure to observe 
@@ese precautions will result in sagnificant deposits of 
water impurities on the surface of the laser rod leading to 
decreased apeouseron of flashlamp iene and a proportionally 
decreased power output, and the instigation of radial tem- 
nerature gradients in the rod which can lead to structural 
failure and a lens effect which affects the output beam 
Givergence [Ref. 10]. The temperature of the cooling water 
is maintained normally through heat exchange with laboratory 
tap water, however, on warm days an ice tank must be im- 
mersed in the coolant reservoir to maintain low temperatures. 
Extensive modifications were performed upon the K-2 laser 
head to improve the reliability of the production model. 
These modifications shall be discussed in Section C below. 

Mie expansion optics for the K-1500 system consists of 
two lens - one negative (expanding) and one positive 
(collimating). The negative lens is placed directly me front 
of the K-10 output reflector and is designed to expand the 


Meeeepmlse by “ratio of 3 to 1 in cross-section at the 
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positive lens. This ratio is excessive for maximum power 
output from the K-1500 system since only about 20% of the 
driving pulse energy is coupled into the amplifier rod. A 
set of expanding optics providing a 3 to 2 expansion ratio 
has been ordered but were not used in the work described in 
this paper. The positive lens simply recollimates the ex- 
panded beam so that the oscillator pulse traverses the ampli- 
fier rod parallel to its axis. The two lens must be exactly 
29.4 cm apart to achieve a truly collimated entrance beam for 
the K-2 amplifier rod. The most reliable method of achieving 
the proper separation is to view back toward the K-10 with the 
miniautocollimator and slide the positive lens Boer and forth 
until the return dot from the front reflector is best focused. 
The two lens mounts are adjustable so that the outnnt nuise 
from the K-1Q may be centered upon the input end of the ampli- 
fier rod. Tne beam is moved opposite to the direction the 
negative lens is mceved in the mount. Movement of the positive 
lens moves the beam in the same direction. The adjustment 
may be reliably accomplished by mounting a blackened Polaroid 
print on the input side of the K-2 head and observing the burn 
pattern produced by the oscillator pulse firing GntrO san rout 
line of the entrance port. 

The fire signal delay circuit (Fig. 5) was constructed 
by Lawrence Schadegg [Ref. 11] in preliminary work on the 
K-1500 laser system. It is designed to produce the flash- 
lamp fire signal for the K-10 oscillator at a variable time 


after the K-2 amplifier fire signal is initiated. The original 
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circuit was designed to support two amplifiers; however, 

the circuit has been modified to provide a wider range of de- 
lay times for delayed output #2 and eliminates the delay con- 
trol for delayed output #1. Both delay control #1 and delay 
control #2 are functional for one output terminal only - delay 
Output #2. Table 2 gives the ranges of delay times available 


meem the circuit. 


TABLE 2. Fire Signal Delay Control 


Delay Control l Dedave Con tno 


Position Delay Time: Delay time 
Full Clockwise 0.2 ms 0% 2 ms 
ma) Becurntenolockwuiussc 6.65 its Z. Lens 


A delay time of approximately 0.2 millisec was found to 
provide optimum power output from the amplifier rod, however 
the output was not significantly affected in a delay time 
range of from 0.05 millisec to 0.3 millisec. 

Using the driving (oscillator) pulse described in Table 
1, the K-1500 provided a giant pulse with characteristics 


provided in Table 3. 





Table 3. K-1500 Pulse Characteristics 


Flashlamp Voltage LO Ome 

Energy (Max) 5. 4 J 

Pulse - width OMe dd? anisec 

Power 540 Mw 

Peak Intensity 230 Mw/em? 
- Beam Cross-section 2g 5 em? 

Efficiency 027% 


Because the K-2 lens rod Pr niocmecculrro welded thee onore 
lamp-voltage be established due to the fact that ~ output 
reflector was not used, the K-1500 would furnish an amplified 
pulse at ail K-Z iainp vuitages above 5 KY. The lam will not 
discharge with voltages below 5 KV because of lamp resistance. 
Throughout the experiment described in section IV below a 
lamp voltage of 9 KV was predominantly used providing an out- 


put power of approximately 330 Mw. 


on MODIFICATIONS 

Significant improvements to the operational reliability 
were made to the K-1500 laser system throughout the laser 
evaluation phase of the project. 

The K-10 oscillator proved to be extremely reliable and 
required but one modification. The ground terminal connector 
For the K-l flashlamp as purchased consisted of a friction 


sleeve which surrounded the terminal part of the flashlamp. 
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As the cumulative number of lamp discharges increased the 
sleeve became loose and eventually dropped off. This was 

due to the high degree of erosion on the inside surface due 
to the extremely high currents involved in the lamp discharge. 
To prevent this failure a simple connector was devised in 
order to maintain a high pressure smooth connector-post con- 
tact. This connector was found to be easily maintained and 
provided a more reliable connection to ground. The improved 
connector may be best described as a two part rectangular 
copper block featuring semi-columlar cuts on adjacent sides 
to accomodate the flashlamp terminal post and the ground wire. 
The two blocks could then be joined about the lamp terminal 
and fastened by common screws on each end of the connector. 

A set screw as well as solder was introduced into the qround 
wire well to provide adequate anchorage. A similar connector 
can be used on the K-2 flashlamp if the occasion arises. 

The K-2 laser head proved to be less reliable. The pro- 
duction unit was provided with a Styrofoam flashlamp holder 
which was mclded in a fashion to maximize the flow of cooling 
water over the rod ane. and to provide a secure mounting 
for the flashlamp. The sharp recoil of the flashlamp during 
discharged degraded the effectiveness of the mounting material 
in short order resulting eventually in a broken lamp. A 
Plexiglas mount was fabricated to provide a more secure mount 
and to allow finer adjustments of the coolant flow over the 
rod surface. The inside surface of the holder was lined with 


foam rubber to provide a cushion for the lamp recoil. 
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Finally, to provide a greater range of tolerance in the 
Giameter of the laser rod used in the K-2 head, rod mounting 
plates were fabricated to provide for a less hazardous method 
of mounting the laser rod. The original mounting plates 
featured an O-ring water seal seat which surrounded the rub- 
ber O-ring on three sides. In order to mount the laser rod 
it was necessary to force the rod, more or less, into the 
mounting plate against the O-ring pressure. This resulted in 
excessive sheer stresses on the end surface of the laser rod, 
especially tne Brewster cut end, and resulted on one occasion 
in the fracture of the rod face. The improved mounting 
plates seeyiaea for the prepositioning of the laser rod in the 
plates and of the O-ring in a two-sided seat. Application of 
@ pressure ring provided a anod water seal and a rigid mount. 
Using these mounting plates no pressure was on the rod end 


surface in the mounting process. 


D. LASER MONITORING TECHNIQUES 

The K-D]. Photodiode provides a means of monitoring the 
power and energy outputs of the K-1500 laser on a shot to 
shot basis when calibrated with an absolute energy measuring 
device. The K-Dl features a eee response planar diode and 
a housing especially designed for pulsed laser applications. 
Figure 6 shows a typical configuration in utilizing the K-Dl 
Photodiode to monitor the K-1500 laser output. Approximately 
four percent of the pulse energy is diverted to the MgO dif- 
fuser block which acts as a point source whose intensity 


attenuates as L/R*. The photodiode is placed an appropriate 
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distance from the diffuser block to attain a 15-20 volt sig- 
nal from the power output to a fast rise-time oscilloscope. 
The pertinent information gained from the pulse power trace 
are; 1) pulsewidth (at half-maximum amplitude) and 2) pulse 
shape. Neutral density filters are available for use in the 
photodiode housing to aid in attaining optimum signal ampli- 
tudes. In general, two ND-2 filters are required to achieve 
best results with the photodiode housing at a distance of 5 
inches from the MgO diffuser. The K-10 pulse wave form shown 
in Fig. 3 was produced by the K-Dl photodiode. The K=-Dl 
Photodiode energy output produces a negative-going signal 
the magnitude of which is directly proportional to the energy 
output in the laser pulse. In the "short" mode, the inte- 
Giowums, cimeuct formed is cendueive to faithful imtegration 
of 10 ns and shorter power pulses. ‘The energy output is best 
monitored on a memory oscilloscope. The energy signal re- 
quires no special termination at the oscilloscope whereas ac-: 
curate reproduction of the power signal requires a 50 ohm 
termination at the scope. Figure 6 shows a typical energy 
Emaee . | 

To accurately monitor the energy output, the maximum 
energy trace amplitude must be correlated to the actual energy 
output of the laser. The most direct method of measuring the 
absolute energy output is through the use of the RN-1 Radio- 
meter. Teptoad@esaqned to trap thea beam energy in bundle on 
fine, Metiiated copper Ware wae DuUMecLOns both as a Callonr— 


metric mass and as a bolometer element. The change in 
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resistance of this wire element is proportional to the energy 
absorbed and is practically independent of the distribution 
of energy within the unit. The bolometer element is part of 
a conventional Wheatstone Bridge circuit and the change of 
balance of the bridge is a measure of the beam energy. A 
schematic of the RN-1l is shown in Fig. 7. The bolometer 
element is housed in a cylindrical container with a 1/16 inch 
thick fused quartz window which transmits about 1003 of all 
radiation from 0.26 to 3.1 microns wavelength. In calibrating 
the absolute energy output against the K-Dl photodiode energy 
trace, the bolometer element is placed in the beam directly 
behind the beam splitter. The bridge imbalance is measured 
with a micro-millivoltmeter (1.e., Kiethley Modei 149). The 
avoltimster deflection is related to the 


laser energy output by the equation: 


Observed reading 
in milliwatts 


_ | Laser Output 
ML clD)) a in Joules (1) 


This is only ~96% of the energy since 4% of the beam is di- 
verted to the photodiode by the beam splitter. A straight 
line calibration curve of absolute energy output versus the 
maximum amplitude of the aeeediione energy output trace may 
be Obtained; the slope of which is the proportionality con- 
Stant relating the absolute laser energy output to the K-Dl 
photodiode energy signal amplitude. The configuration of the 
calibration setup must be maintained in all subsequent work 
Since the position and orientation of the MgO diffuser and 


the photodiode directly affect the magnitude of the energy 
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and power output signals. Each change in the geometry of the 
monitoring setup requires a new calibration. 

In order to align the experimental apparatus on the path 
of the laser beam, a continuous wave helium-neon gas laser 
was used as a reference. The Cw gas laser was positioned be- 
hind the rear reflector of the K-10 laser and centered upon 
the axis of the optical components of the K-~-1500 laser sys- 
tem. This visible beam provided a ready reference to the 
path of the amplified giant pulse. A slight difficulty arises 
at the Brewster cut output end of the amplifier rod due to 
the wavelength difference between the helium-neon light and 
the longer wavelength neodymium light in the amplified pulse. 
The Cw beam exits at the Brewster cut end at a slightly 
larger angle than does the giant pulse. This difference in 
deflection amounted to about 2 mm at one meter from the out- 
put end. This difference is significant when probe positions 
were close to the beam therefore necessitating careful de- 
termination of the relative positions of the two beams at all 


points of interest along the path. 
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IV. EXPERIMENTAL PROCEDURE AND RESULTS 


A. EXPERIMENTAL CONFIGURATION 

Using the K-1500 laser as a source of high brightness 
light energy, the characteristics of the free-expanding plasma 
created by bombarding a solid target have been studied. A 
six-port vacuum chamber (Fig. 8) was utilized to support the 
target and focusing lens and provided ports for positioning 
various probes into the vicinity of the target. The chamber 
was connected via the bottom port to fore and diffusion pumps 
which provided pressures as low as iON Torr in the chamber. 
The K-1500 laser amplified pulse was focused with a lens of 
28 cm focal length. A circular sheet of Mylar (Polyethylene 
Terephthalate), Cio H, On. of 127 micron thickness was sus- 
pended from the top port of the vacuum chamber at the focal 
peoe Of the lens. The plane of the target was maintained, as 
nearly as possible, in a position perpendicular to the inci- 
dent laser beam. The focal spot diameter at the target was 
approximately 2 mm, however, the burn hole in the Mylar film 
was about 50% larger due to the fact that the material sur- 
rounding the focal spot experienced heating and deflagration 
due to heat conduction from the focal spot. This resulted 
in bulk material expulsion from the area surrounding the focal 
Spot. The laser power density incident upon the target was 


10 Zz 


approximately 10 watts/cm 
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B. ABSORPTION (REFLECTION) CHARACTERISTICS 

By positioning the MgO diffuser at the vacuum chamber 
port opposite the lens (laser input) port and observing the 
power trace signal from the K-Dl photodiode, a rough deter- 
mination could be made of the absorption ,characteristics of 
the Mylar target. Figures 9a and 9b show the laser pulse 
traces for the exiting pulse without and with the target in 
position, respectively. Comparison of the energy output 
Signals indicated that approximately 40% of the laser energy 
was absorbed by or reflected from the laser-produced plasma 
over the entire pulse length. It is of interest to note that 
the two curves follow approximately identical traces until 
the laser intensity 1S approximately 60% of the maximum power 
produced in the pulse. Therefore the Mylar target is essen- 
tially transparent to the low intensity radiation at the 
front of the laser pulse. The on-set of absorption/reflection 
at the threshold intensity indicates that a solid-plasma 
phase transition takes place in the material, a process in 
consonance with the approach taken by Alfanas'ev and Krokhin 
[Ref. 3]. In general, the assumption can be validly made 
Piet the solid-plasma phase transition occurs within the first 
1-3 nanoseconds of the laser pulse interaction with the tar- 
get. No attempts were made to experimentally measure the 
reflected portion of the incident laser light due to the 
cumbersome requirements but it is estimated that a negligible 
portion is actually reflected due to the fact Spek the plasma 


rapidly expands forming under-dense absorbing plasma layers. 
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The radiation emitted in the flare at the focal spot into 
the solid anole subtended by the MgO diffuser was negligible 
compared with the transmitted laser radiation and was not 


considered. 


C. BACKGROUND PRESSURE DEPENDENCE 

To investigate the self-generated magnetic field, a large 
(1 cm) diameter magnetic probe with two coil-turns shielded 
by a S eaatllic sleeve was introduced into the path of the ex- 
panding lasex-produced plasma on the laser side of the target. 
No external magnetic field was applied to the system. The 
probe position was at or near a point in the horizontal plane 
defined by the incident laser beam. Figure 10 shows the 
probe orientations referred to in the description of the data. 
The probe signal was reliayedad ts a fast rise-time oscilloscope 
(4.e., Tektronix Model 7704) via shielded cable terminated 
by 50 2 at the oscilloscope. The oscilloscope trace was 
initiated by an en trigger pulse taken from the T-out 
terminal on the shutter electronics unit. This trigger pulse 
corresponds to the application of the biasing voltage in the 
Pockels cell. A Eypucal probe signa beobtarned with the centers 
of the large probe at a distance Gir 0.6 CiMerom Ehe, target 
wil | 2 and ~0.6 cm ai from the incident laser beam is 
shown in Fig. lla. The probe is oriented in the (L) position. 
The signal obtained is proportional to dB/dt. Figure_1lb 
shows the signal obtained under identical conditions with 
the probe rotated by 180°. The reversal of the Signal indi 


cates that it is due to the change in magnetic flux through 
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the coil and not to electrostatic processes. With the probe 
oriented in the Gio position no signal was obtained. Asa 
check the target was removed and no signal was obtained with 
any orientation. Repeated verifications have shown that the 
Signals obtained were in fact due to magnetic effects and 
that the changing field was an azimuthal field with reference 
to the laser beam. These signals had singular importance in 
that the ability of the K-1500 laser to produce the magnetic 
field effect was established. Using the large probe, B Sig- 
nals were recorded with background pressures ranging from 


1+(10°°) Torr to 350 p of N.. Figures 12a, 12b, 12c and 124 


5° 
show some representative signals for background pressures 

Of eeaie more, 1.0 wv, 200 uw and 350 », respectively. 

While the magnitudes of the self-generated B-field remained 
relatively constant, the time duration (tT) of the signal 
decreased, in general, as the background pressure was in- 
creased. At the higher pressures short high amplitude 
"spikes" were observed both before and after the B Signals 
[Fig. 12d]. These "spikes" are believed to be due to a 
photoelectric effect or other electrostatic interaction with 
the probe shielding sleeve and were not observed when a 
smaller glass-shielded probe was used. However, it must be 
noted that the response of the small ten-turn magnetic probes 
used diminished at signal frequencies above 30 MHz. The small 
probes could not, therefore, be expected to detect these small 
high frequency (~100 MHz) spikes if they were of magnetic 


Omigin . 
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D. MAGNITUDES OF THE SGMF 
Using a small probe of n = ten turns encompassing an area 


2s em? [nA = 6 (107) em? ] and an operational amplifier 


OF 6(10- 
integrating circuit, the magnitudes of the self-generated 

magnetic fields were measured as a function of parallel probe 
distance ali’ and perpendicular probe distance ll The 


magnitudes of the magnetic fields were related to the maxi- 


mum amplitude of the integrated signal by the formula [Ref. 12] 


3 V, [volts] RfOhms) CfFarads] 
B[Gauss] = 10 a (2) 
nA [cm ] 


A plot of the magnitudes of the SGMF against parallel probe 
distance is shown in Fig. 13. The perpendicular probe dis- 
tance was maintained at 0.25 cm and the background pressure 


was 50 u N. for the measurements shown in Fig. 13. Figure i4 


Z 
shows the results of magnitude measurements with perpendicular 
(radial) probe distance. This data was taken with back- 
ground pressure of 65 u N, and a constant parallel probe 
position of 0.75 cm. The time duration (t) of the magnetic 
field signal 1s also included for the perpendicular probe 
distance data to illustrate the diffusive nature of the 
observed signals. Because of the rapid attenuation of the 
Signal at probe distances greater than 1 cm increments of 
distance less than ~2 mm were considered unreliable pending 


the application of a more reliable method of measuring the 


probe position. 
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fore eEecr OF THE EARTH'S FIELD 

To inquire into possible mechanisms for generation of the 
observed magnetic field, an external magnetic field was in- 
troduced into the expansion volume with Helmholtz coils. The 
intention was to simulate the horizontal Sor OnESTE of the 
earth's field in this region and to determine the effect upon 
the plasma-generated fields. The external field was applied 
parallel to the plane of the target and perpendicular to the 
incident laser beam. Using field values ranging from 0 to 43 
Gauss, no gross deviation in the magnitudes of the self- 
generated magnetic fields were observed. Figures 15a, 15b 
and 15c show integrated traces for 0, 21 and 43 Gauss impressed 


fields, respectively. 


ty 


, See ee CATION VELOCITY 

The propagation velocity of the SGMF was found to be on 
the order of mo! cm/sec. This velocity was arrived at by 
measuring the time Separccon from the approximate arrival of 
the laser pulse at the target to the initiation of the mag- 
netic probe signal. The K-Dl photodiode power signal was 
taken to represent the laser beam at the target Since the 
optical pathlength from the beam-splitter to the photodiode 
was approximately equal to the optical pathlength to the tar- 
get. An optical pathlength difference of 10 cm would only 
introduce an error of 0.3 nanosec in the expansion time. A 
schematic of typical oscilloscope traces to determine the 


expansion velocity of the SGMF is shown in Fig. 16. To gain 
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some insight into the relative location of the expanding 

plasma front at the onset of the magnetic probe signal, a 

Single electrostatic probe was introduced into the vacuum 
chamber at, as nearly as possible, the same location as the 
magnetic probe. The electrostatic probe was unbiased and was 
connected to ground through a 50 2 resistance. The electro- 
static probe signal is therefore proportional to the current 
flowing through the termination resistance due to collected 
charge on the probe. Figures 17a and 17b show the electro- 
static probe signal and the magnetic probe signal, respec- 
tively, taken on two successive shots under identical conditions. 
While it is difficult to ascertain anything queunkeseeere with 
regard to the single electrostatic probe signal, it does give 
MEMOMetsermiatc iIntcrection fame of the expanding plasma front 
with the probe. The initial sharp spikes in the electrostatic 
probe trace is believed due to photoionization by the laser 
beam and photoelectric effects due to the "flare" radiation. 


Lmomat antcerest to note that the tame duration of the field 


1S approximately 400 nanosec in both cases. 


G. TARGET ORIENTATION 

As noted by Dawson, et al (Ref. 6] and confirmed by 
Stamper, et al [Ref. 9], the laser-produced plasma expands 
non-isotropically with the greatest expansion velocity occur- 
ring normal to a plane target. Throughout the experiment 
described above the target orientation was of critical con- 


Geen. im order to obtain useful information, a different 
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portion of the Mylar film target was of necessity exposed 
to the focused laser beam for each shot and thereby made it 
necessary to traverse or rotate the target to accomplish 
same. This process invariably introduced changes of up to 


Spe 


in the angle of incidence of the laser beam upon. the 
target. Shearer [Ref. 13] has found that the amount of re- 
flected laser light is enhanced with oblique incidence. 


Shearer has shown that the ratio of reflected intensity to 


incident intensity is given by 


fa} 


es 
I 
O 


= exp [-2p cos” 8! (3) 


where p is the optical thickness of the plasma layer from the 


c 
incidence and GG nS the angle between the incident laser heam 
and the electron density gradient vector. This effect was 
noted early in the performance of the experiment described 
above and it: was fonadecnat reproducable results could be 
attained only when the target orientation was painstakingly 
maintained at a constant angle relative to the incident laser 
beam. This problem Gould be wartwally eliminated by using 
fibers or pellet-shaped targets. However, accurate position- 


ing of the fiber and/or pellet in the laser focal spot would 


remain to be of major concern to produce consistent data. 
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V. DISCUSSION OF POSSIBLE SGMF MECHANISMS 


A. CHARACTERISTICS OF SGMF (EXPERIMENTAL) 

The magnetic fields observed in this experiment were 
ostensibly due to mechanisms associated with the formation, 
heating, and expansion of the plasma produced by an intense 


ae wat tem") laser pulse incident upon a planar solid 


(~O 
target (MYLAR). Before discussing possible mechanisms to which 
the observed fields might be attributed, it would be helpful 

to review the results obtained in the experimentation descri- 
bed in Section IV. Some experimental evidence to be alluded 
to later in the discussion, due to the work of other reporting 
investigators, shall provide greater insight as to specific 
theories of the magnetic field generation process. A sum- 

Mary of the characteristics associated with the self-caenerated 
magnetic fields are: 

1) The magnitudes of the SGMF increased as the magnetic 
probe vosition approached the laser beam-target junc- 
ture. 

2) For a constant probe position, the time duration of the 
magnetic field decreased with increased background gas 
pressure. Because the onset and cessation of the mag- 
netic probe signal was, in general, well defined, the 
Pim duratvon 15 taken to be the entire time interval 


over which the signal was recorded. 


3) The point of peak magnetic field magnitude ostensibly 
propagated at or near the velocity of the plasma front. 


4) The magnetic signals became more diffuse as the probe 
position was displaced away from the "hot spot" on the 
target and appeared to occupy regions of space approxi- 
mately equal to the spatial extent of the expanding 
plasma. , 


5) The introduction of external magnetic fields to simu- 


late the earth's field in the region of expansion caused 
no significant changes in the magnitudes of the SGMF. 
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6) The observed magnetic fields were always in an azimu- 
thal direction. No axial component was detected. 


In the experiment conducted by Stamper, et al [Ref. 9] it 
was possible, by using Lucite fibers as target material, to 
obtain signals with magnetic probe positions very close to the 
laser beam-target juncture. At a magnetic coil probe position 
characterized by PP = 0, it was found that the time duration 


of the B Signal was very nearly that of the laser pulse. 


B. TURBULENT/SHOCK PROCESSES 

The initial production of the over~-dense plasma by laser 
pulse irradiation is at best a catastrophic process. Recog- 
nizing that nC laser power is delivered to the plasma a iere! 


time of 10-15 nanoseconds and that the laser pulse is char- 


would lead to the conclusion that strong disturbances created 
by localized hot spots and anisotropic pressure gradients might 
be established in the laser-created plasma during the produc- 
tion process. The early investigators, Korobkin and Serov 

and Askar'yan, et al, [Ref. 7 and Ref. 8, respectively], were 
able to reverse the aeenions of the small magnetic moments 
produced by altering the incident laser pulse, the former by 
directing the incident laser beam through a different portion 
of the large focusing lens used, and the latter, by reversing 
the rotation direction of the Q-switching prism of the laser. 
Basov, et al [Ref. 14] using shadowgraphic techniques to 


photograph the expanding plasma flow have shown that the ex- 


pansion is ostensibly non-turbulent initially and only at 
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distances large compared with the focal spot dimension and at 
relatively high residual background gas pressures does the 
expanding flow exhibit turbulent flow. Due to the high ini- 
tial plasma pressure due chiefly to particle densities on the 
order of iLO eal a cm >, the dominant dynamic process is that 
of rapid expansion into the regions of low particle pressure 
and it is not deemed probable that significant perturbations 
on this overriding directed plasma velocity could be estab- 
lished, especially since the plasma is overdense and col- 
lision-dominant. Many theoreticians, notably Vainshtein 
[Ref. 15] and Moffatt [Ref. 16], have treated the "dynamo" 
process associated with turbulent flow of conducting fluids. 
Vainshtein has shown that gyrotropic turbulence, where the 
density of the probability distribution of the velocities is 
not invarient under reflections, may generate large-scale 
magnetic fields whereas anisotropic turbulence which may 
serve as a model for turbulent connection does not generate 
large scale fields. Moffatt has shown also that gyrotropic 
turbulence may create a "dynamo" effect wherein a random 
superposition of inertial waves in a rotating conducting fluid 
on Syeeewatically transfer energy to a magnetic field which 
has no source other than electric currents in the fluid. The 
mathematical formulation presented by the above authors is 
straightforward but lengthy and not deemed essential in this 
@iceussion. al 
Also of interest are the non-linear forces ae Oye ENS 


interaction of the intense laser beam with the dense plasma. 
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These forces exceed the gas-dynamic forces if the increase 

of the electrodynamic momentum flux density due to collection 
effects over the vacuum value is larger than the gas-dynamic 
power density. Hora and Wilhelm [Ref. 17] have asserted 

Emae the nem-linear force effect is important if the ampli- 


tude of the electric field of the radiation in the vacuum 





exceeds 

(4) 
with m, = electron mass, W = cyclic frequency of the laser 
radiation, Ke = Boltzmanns constant, and T = electron tem- 


perature. For neodymium laser radiation this critical elec- 


tric field corresponds to an intensity of 


* 


fo 2 9 0G (107?) Tiweces one (5) 


This effect cannot, under the above criteria, play a signi- 
ficant role in the generation of the magnetic fields of 
Section IV since the laser intensity at the focal spot was 
at least two orders of magnitude smaller than I”. These 
forces as analyzed by Lindl and Kaw [Ref. 18] are directed 
counter to the direction of the laser radiation, however, 
except when a standing wave is formed between the boundary 
and the reflection point ve ~ V ) at which time the force 
would produce a "bunching" effect which might result in 


striations in the expanding plasma. It is not likely that 


laser beam-plasma interactions of the type described would 


42 





generate large scale turbulence or the observed magnetic 
ELemwd. 

The interaction with significant momentum coupling of 
the expanding plasma with the background gas has not been 
found to play a significant role in the production of the ob-- 
served magnetic fields as indicated in Section IV; however, 
the time duration of the SGMF was seen to diminish slightly 
as the background pressure was increased. This can be ex- 
plained by recognizing that the background gas is partially 
ionized by the intense flare radiation emitted by the ex- 
panding plasma and by the streaming plasma particles them- 
selves. this in effect "feeds" the plasma and results in 
increased plasma densitigs near the front and in the formation 
of a shock front at the nlasma-gqas interface. The resultant 
heating behind the shock diminishes the magnetic viscosity 
and thereby the diffusion rate of a magnetic field which 
may be trapped inside the plasma. 

Kubo, et al [Ref 19] and Basov, et al [Ref. 20] have in- 
vestigated ina rather extensive manner the formation of 
shock fronts in the ie emectiecd plasma as it expands 
through residual gas. The gas pressure behind the expanding 


shock front is given by Ref. 14 as 


i 2 
P x (lL - § Py vy) (6) 


where 8 is the compression, Py is the density of unpreturbed 
gas, and Vy is the front velocity. The width of the shock 


was found to vary in approximately inverse proportion to 
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background pressure thereby establishing sharp density 
gradients at the leading edge of the shock. Typical electron 
density profiles in the shock regime does not indicate order 
of magnitude changes of electron densities in the shock front. 
Due to the experimental evidence that the observed SGMF in- 
creases as the probe position approaches the laser beam - 
target juncture, it appears that the observed magnetic fields 
are generated before the shock front is established and the 
net effect of the residual gas in the expansion space serves 
only to complicate the gas-dynamic processes in the expanding 
plasma. Turbulent processes, if present, would be very 
difficult to observe before the plasma expansion eanenes 
dimensions large in comparison to the focal spot. 

ene Evidence availabl@ thte™£ar does not “Sunport a tur- 
bulent mechanism for the generation of the observed magnetic 
field. This evidence is especially typified by the apparent 
independence of applied external magnetic fields, which would 
discount the amplification of the earth's field in a “dynamo" 
mechanism, and of residual gas pressure. The observed fields, 
within experimental error, were observed to have azimuthal 
components only, implying axial currents. Ronden turbulent 
mechanisms which might initiate surface current loops would 
invariably establish magnetic moments oriented randomly and 


contribute axial as well as azimuthal magnetic fields. 


ee 


C. CURRENT FORMATION 
Bosov, et al [Ref. 20] have presented some experimental 


data witch indicate that a space charge is established at 
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the expanding plasma front. Most interesting is the experi- 
mental evidence that the expanding plasma flow emitted elec- 
tron currents with electron energies greater than 100 eV. 
This experiment was carried out using laser power outputs of 
the order of magnitude as that used in the experiment described 
in Section IV. The time during which the electron emission 
current decreased by one-half was found to be 2+ (107°) sec, 
the approximate duration of the magnetic probe signals at 
seal > 0. rt must be noted here that Bosov, et al, obtained 
electrostatic probe signals quite similar to those obtained 
in the experiment described in Section IV [See Fig. l7a]. 
The negative going signal was interpreted by the authors EO 
be due to the space charge and the positive going signal as 
aque to the main plasma volume which had hecome pvositively 
charged due to the emission of electrons to the space charge 
region. In reference to Figs. 17a and 17b, it is of interest 
to note that if the Bosov interpretation is accepted, the 
maximum negative signal representing the passage of the 
region of maximum electron density ends maximum emission 
current coincides quite well with the maximum magnitude of 
the SGMF signal (B = 0). If the emission currents were of 
thermal nature and emanate from the plasma boundary surface, 
the emission current I is proportional to the surface area, 
the electron density, and the average electron velocity, 


aie! Rn, Re where the electron density is n, ~R? and 


1 
the mean electron velocity is <v_> Stee, in the case Of 


; : ; - —2 
spherical adiabatic expansion, T ~ R a whence I ~ R 
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[Ref. 20]. If the self-generated magnetic fields were then 
due to an “average" line current in the direction of the 
laser beam perhaps due to the anisotropy of the expansion in 
the laser beam direction, it should be proportional to ae 
This dependence is not found to be evident in investigation 
of the SGMF which implies that if in fact the electron cur- 
rent emission does occur it occurs through non-equilibrium 
processes, such as shock wave formation, for example. The 
electron emission currents would always be in the direction 
of the laser beam and therefore does not explain the osten- 
Sible field reversing effects described by Korobkin and 
Serov and ae Askar'yan group [Refs. 7 and 8, respectively]. 
Demtroder and Jantz [Ref. 1] have supported the idea of a 
space-charge influenced expansion wherein the potential of a 
metallic target exposed to intense laser irradiation was 
measured. It was observed that the target remained posi- 
tively charged for approximately 1.2 microseconds subsequent 
to the arrival of the laser pulse on the target indicating 
a greater expulsion of electrons than ions from the target. 
Stamper, et al, [Ref. 9] have attemped a quantative ex- 
planation of the observed magnetic field generation as due to 


anisotropicities in the thermoelectric power at the focal 


spot (laser beam-target juncture). Utilizing the generalized 
Ohm's Law 
Re " re grad PL - 
Ten eee + = Guacs, 
. (7) 
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where a is the plasma thermoelectric tensor and Poe ne and 
T are the electron pressure, density and temperature, re- 


spectively. Taking the curl of (7) and rearranging 


2 
se = curl (V, x B) +52 VB + 8G, t) (8) 


where o, the plasma conductivity, is assumed to be scalar, 
and S(r, t) are the source terms, i.e., the @: grad T term 

and the grad P term, 1f (grad n, x grad T #0). The ther- 
moelectric contribution would vanish if G were a scalar inde- 
pendent of position, i.e., if there were no discontinuities 
Smeemecemon contacts. The laser beam-target juncture is 
presumed to represent a discontinucus thermoelectric junc- 
tion contact and provides a non-vani.shing thermoelectric 
Semerroucion. The solution obPALned Soy Stamper, et al, in 


spherical coordinates was 


0 
By (e,t) = (S) (KgT/vge) f(t - J de/v,) (9) 


with the source term assumed to be 


S(f,t) = (cKgT/e) [8 (0) /e] £(t) (10) 


Where To is the source electron temperature and f(t) is the 
shape of the laser pulse in time. It was also assumed that 


the expansion velocity Vo is given by 


v. =v. u(t - f° a/v.) = @iy 
0 O 
O : 
where U is the Heaviside unit step function. The basic 
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assumption involved in the Stamper mechanism is that the ther- 
moelectric tensor is non-scalar due to the discontinuity at 
the laser beam-target juncture; the thermoelectric contact. 

It is felt that the thermoelectric junction may be more 

aptly described as the plasma reflection point for the laser 
radiation (v = Ure and that the junction is effectively dis- 
continuous so long as the e-folding length for laser radia- 
tion penetration past the reflection point is less than the 
thermal wavelength for heat conduction into the sublimated 


target material. 
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VI. CONCLUSIONS 


Of prime imoortance in this initial work on the self- 
generated magnetic field phenomena is that the giant pulse 
created by the K-1500 laser and its subsequent absorption 
by a Mylar target material is precursory to the generation of 
magnetic fields exhibiting the general characteristics as 
those observed in experiments conducted by Stamper, et al. 
The K-1500 laser system with the utilization of the procedure 
established in this work and the noted modifications should 
provide a long term, reliable giant pulse producer to study 
further aspects of the SGMF. 

The question of the mechanisms underlying the generation 
of the magnetic fields observed in this experiment is by no 
means clear and a great deal of investigation will be neces- 
sary to establish further concrete ideas. At the present 
fame, the generation explanation proposed by Stamper, et al, 
seems to be plausible, yet it obviously reflects some de- 
fects, not the least of which concerns the maintenance of 
the magnetic fields over times very large Compared to the 
laser pulse width. Clearly a thorough study of the plasma 
properties at times late in the expansion process are also 
in order and how these properties affect the SGMF. Also 
open for examination is the effect that the SGMF will have 
on the expanding plasma. The shell structure noted by Tuck- 


field and Schwirzke [Ref. 21] may be attributed directly to 
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the SGMF effect, to cite an example. It appears that the 
expanding plasma electrons would also become tied to this 
field whereas the ions are allowed to stream through rela- 
tively unimpeded. A mechanism of this type may tend to 
cancel or enhance the field due to the establishment of con- 
ventional 10n currents in the plasma. 

Other studies which might be undertaken concern the ef- 
fect of the SGMF upon the utilization of the laser-produced © 
plasma as a target plasma in neutral beam injection mirror 
machines [Ref. 22). Also of current interest is the influence 
of the SGMF upon the electronic heat conduction and other 
plasma properties. It is felt that the work deeemiced in 
this treatise establishes a basis fcr many areas for future 
endeavors in the study of the phenomena associated with 


laser-produced plasmas. 
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Fig. 3. K-1Q Laser Output Waveform. Scale: 20 ns7 dive 
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Four-Port Vacuum Chamber w/Focusing Lens. 
Laser beam incident from right. Top port 
used for adjustable target holder. Near 

port used for insertion of magnetic coil 

probes. 
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(a) (b ) 


Fig. 9. Laser Power Traces. (a) without target 
(MYLAR film) in place, (b) with target 
in woesition. Scale: 5 ns/div. 
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Fig. ll. Magnetic Probe Signals with Reversed Probe 


Orientations. (a) Large (1 cm dia.) probe 
in (1) orientation, (b) same probe rotated 
by 180°, 


60 





Fg . 


Zee 


ke) 


Magnetic Probe Signals at Various Background 

= 0.60 cm. 

(a)6.0°10™ Torr, 

(d) 350 micron. 
The magnitudes of the SGMF 

the absolute area under the 


Gas Pressures. PDy 
probe orientation = 
(5b) 1.0 aucren, (e) 
Backround gas —Wi.. 
may be estimated ae 
curve. 
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200 micron, 
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Variation of SGMF with Respect to Parallel 
Premoe Postion. (bbe 20. 25 em. ~ Backemound 
pressure = 50 microns N,. All measurements 


were taken with magnetic coil probe in the 


perpendicular (1) orientation. Small 10 turn 


probe used for measurement. 
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Variation of SGMF with Respect to Perpendicular 
Probe Position (PD) ). aD = 0.755em.  back= 
ground pressure = 65 microns of No. 

A = t [ns]; 8 = B[Gauss]. 
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Fig. 16. Typical Oscilloscope Trace for Determination 
of Magnetic Field Propagation Velocity. 
Trace (a) is the magnetic probe signal, 
trace (b) is the laser power signal. Both 
sweeps are triggered simultaneously by t- 
OUT which corresponds to application of 
Pockels cell bias voltage. time scale: 
HOGS 7 cane 
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(a) (b) 


Fig. 17. Comparison of Electrostatic Probe Signal 
and Magnetic Probe Signal with Probes 
Colocated in the Path of the Expanding 
Plasma. (a) Electrostatic probe signal, 
(b) Magnetic Probe signal. 
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